Prion diseases are fatal neurodegenerative diseases of humans and animals which, in addition to sporadic and familial modes of manifestation, can be acquired via an infectious route of propagation. Prion diseases include sporadic and variant forms of Creutzfeldt-Jakob disease in humans. In sheep, cattle, and cervids prion diseases manifest as scrapie, bovine spongiform encephalopathy, and chronic wasting disease, respectively.
The normal, cellular prion protein (PrP C ) is expressed at high levels in the central nervous system, but can also be found in other cell types within the body. In prion disease, PrP C undergoes a structural transition to its disease-causing form (PrP Sc ) which possesses profoundly different physicochemical properties 1 .
The prion protein may constitute the most intensively studied mammalian protein.
Yet surprisingly, the evolutionary origin and physiological function of this protein have remained largely elusive 2, 3 . The function of a protein can sometimes be inferred from genomic investigations which may reveal proteins with similar sequences or sequence modules of known function. Extensive investigations of this kind provided evidence for PrP-related sequences in most species of the vertebrate lineage [4] [5] [6] and revealed two mammalian paralogous sequences encoding for the proteins Doppel (Dpl) and Shadoo (Sho), which together with PrP C constitute the mammalian prion protein family 7 . Despite these advances, no conclusive biological role has emerged for PrP C from the characterization of these additional members of the mammalian prion protein family 8 .
Alternatively, by comparing the structural features of particular proteins, otherwise cryptic functional similarities may be inferred. Investigations of PrP C revealed an unusual dichotomy of its structure, which consists of an extended, largely unstructured N-terminus and a globular and relatively stable C-terminal domain formed by two β-strands and three α-helices 9 . While proteins with mixed β-strands and α-helices are widespread in nature, aside from Sho and Dpl which share structural features with the Nterminal and C-terminal regions of PrP, respectively, no other protein has been identified to infer the physiological function of PrP C based on structural similarities. Extensive evidence has, however, been accumulated which demonstrates that the prion protein can bind a subset of divalent metal cations through two types of histidine-containing motifs embedded in its N-terminal domain.
Most proteins do not act in isolation but partner with other proteins to exert their biological roles 10 . Thus, the function of a protein can sometimes be deduced by characterizing its binding partners. Following this 'guilt-by-association' logic, we set out to identify the function of the cellular prion protein through a comprehensive interactome investigation. Surprisingly, this work not only revealed novel interactors but also shed light on the evolutionary origins and an ancient function of members of the prion gene family.
RESULTS

Quantitative interactome analyses
Various earlier attempts by us and others had already led to the identification of a few dozen proteins that co-purify with the cellular prion protein under a range of experimental conditions 11 . Often investigations of this kind result in long lists of candidate interactors. The challenge then remains to discriminate specific from unspecific binding partners. Here we incorporated quantitative mass spectrometry based on isotopic tagging of peptides into the workflow to overcome this limitation 12 . Furthermore, Page 5 investigations were extended to all three members of the mammalian prion protein family to further facilitate discrimination of potential interactors by differential interactome comparison. A murine neuroblastoma cell line (N2a), an established cell model for prion replication, served as the biological source material 13 . The cell line was stably transfected with a member of the mammalian prion protein family that had been FLAG-tagged in the vicinity of the N-terminus of the mature protein or with a negative control vector 14 . The conceptual choice of both the FLAG-tag and N-terminal attachment site was guided by data documenting that such insertions do not interfere with either PrP C processing or conversion in transgenic animals 15 , as well as studies of glycosylation and trafficking in Dpl-and Sho-transfected cells (J. Coomaraswamy et al., in preparation). To stabilize physiologically relevant interactions, adherent cells were crosslinked by a short treatment with formaldehyde prior to the cell harvest step 16 . Following cell lysis in the presence of detergents, crosslinked protein complexes were affinity-purified based on the presence of the FLAG-affinity tag, trypsinized in solution, and subjected to labeling with isobaric tags for relative and absolute quantitation (iTRAQ) 17 . The samples for the separate prion proteins and the control were mixed and jointly analyzed by tandem mass spectrometry.
It should be noted that subsequent to iTRAQ conjugation, the contribution of each sample to the identification of a peptide can readily be calculated by determining the relative intensity of signature iTRAQ mass signals in the relevant collision induced dissociation (CID) spectra. A comprehensive analysis of samples led to the identification of approximately one hundred proteins, more than thirty of which were observed with iTRAQ signature mass intensity ratios that suggested specific co-enrichment with members of the prion protein family (Supplementary Fig. 1 ; a detailed description of this large dataset will be presented elsewhere). Strikingly, two proteins, ZIP10 (slc39a10) and ZIP6 (slc39a6), which were unequivocally identified with non-overlapping peptides in Dpl, Sho and PrP samples but not in the negative control, represent members of the ZIP family (Zrt-, Irt-like Protein) of transmembrane proteins (Table 1) . The slc39a gene family codes for fourteen distinct proteins (ZIP1-14) in humans. ZIP10 and ZIP6
populate together with their phylogenetically closest paralog ZIP5 a subbranch within this family 18 .
Structural and sequence similarities of mammalian prion proteins and ZIPs
Intrigued by the presence of two phylogenetically related proteins, which we had never observed in similar datasets, the proteins were subjected to an extensive bioinformatic analysis. Surprisingly, the results revealed the presence of a domain within a subset of mouse ZIP proteins that displayed a substantial sequence similarity to both between PrP, Dpl and ZIP10 (Fig. 1a) , which allowed threading the sequence of the PL domain of ZIP10 onto the structures of both PrP and Dpl (Fig. 1b) .
Initially, the FFAS03 structural alignment scores with ZIP10 were just below the threshold for statistical significance with values around -9.0 and a threshold of -9.5 (with the threshold indicating less than 3% false positives). However, relatively small changes to the sequence of ZIP10 or by replacing it with its paralog ZIP5 did bring the FFAS03 structural alignment scores into the statistically significant range (with values of -9.75 or below). Consistently, the models with the strongest scores were based on alignments of PL domains of ZIP proteins with mouse PrP or Dpl structures and all attempts to align the ZIP PL domain to structural templates outside the prion protein family produced insignificant fits. The PL domains of ZIP10 (and ZIP5, not shown) are predicted to contain a structural arrangement very similar to that of PrP or Dpl with three α-helices and possibly a short β-sheet composed of two β-strands (Fig. 1b) . The root mean square deviation (RMSD) between backbone carbon atoms of the nuclear magnetic resonance (NMR) structures for PrP and Dpl is 3.7 Å (as determined by the DaliLite server 24 ).
Surprisingly, the RMSD between the predicted structure for the PL domain of ZIP10 and the PrP and Dpl structures returned even lower values of 2.6 Å and 2.9 Å, respectively, indicating that the primary structure of the ZIP10 PL domain is highly compatible with the basic prion protein fold. Consequently, this observation argues that the secondary structure elements of PrP and Dpl originated from similar structural features in the ZIP PL domain.
Convergent evolution versus common evolutionary origin
It is well-established that similar secondary and tertiary protein structures can evolve independently, as is the case with structural similarity of prokaryotic subtilisin and eukaryotic chymotrypsin 25 . However, instances of convergent evolution at the protein sequence level are rare. Whenever reported, observations appear restricted to convergent adjustments of individual amino acids rather than independent evolutionary inventions of and PrP C consistent with the interpretation that these molecules are related beyond sequence similarities in their PL domains. Our observation that ZIP10 and ZIP6 copurified not just with FLAG-PrP and FLAG-Dpl but also with FLAG-Sho, as evidenced by strong iTRAQ117 signals in CID spectra which led to the identification of ZIP10 and ZIP6, lent further support to this conclusion, because FLAG-Sho does not harbor a PL domain.
To further investigate this question, we undertook a systematic comparison of Nterminal sequences within and across the two protein families. Alignments of ZIP6 and ZIP10 with their closest phylogenetic neighbor ZIP5 suggested that N-terminal expansions of histidine-rich sequences present in ZIP6 and ZIP10 emerged following their divergence from a common ancestor with ZIP5. Thus, whereas ZIP5 shares the most conserved N-terminal sequence segments, it has a much shorter N-terminus and is only equipped with a short histidine cluster. Interestingly, the subsequent alignment of a Sho2
sequence from pufferfish not only showed remarkable sequence conservation to ZIP5 from zebrafish (34% identity, 41% similarity) but close examination revealed that a group of basic residues, the position of a largely hydrophobic sequence segment and the abovementioned cluster of histidines are shared between these sequences (Fig. 2b) . The above sequence alignment falls on the empirical threshold which distinguishes instances of significant similarity from uncertain 'twilight zone' alignments 29 . Nonetheless, in the context of other similarities presented above, it corroborates the conclusion that the homology between ZIP and prion protein families extends beyond the globular domain present in PrP and Dpl to include sequences N-terminal to this domain, present in Sho.
Having established the relation between prion and ZIP sequences, the order in which these molecules emerged during evolution could be deduced. Given that ZIP proteins are widespread in all kingdoms of life whereas PrP C and Sho appear restricted to species of the Chordata lineage, a parsimonious interpretation is that PrP 
In vivo crosslinking
Mild formaldehyde crosslinking of N2a cells followed a protocol described before 16 .
Briefly, cells grown to confluency were washed with phosphate buffered saline (PBS) and subjected to 15 min crosslinking with 2% w/v formaldehyde in PBS at room temperature. The crosslinking reaction was quenched by incubating cells for 15 min with 125 mM glycine in PBS.
Affinity purification of bait proteins
Approximately 10 iTRAQ 117) and incubated at room temperature in the dark for 3 h.
Two-dimensional liquid chromatography
Strong cation exchange (SCX) chromatography was used to achieve peptide fractionation of the complex digest mixture. Samples digested with trypsin were adjusted to 25% acetonitrile and acidified (pH Fractions eluted from the SCX column were desalted with C18 Empore (3M, Minneapolis, MN, USA) stop and go extraction (STAGE) tips 40 and subsequently subjected to nano-flow RP-HPLC using the Ultimate LC system (Dionex) equipped with a nanoflow calibration cartridge at a flow rate of 250 nL/min. Peptides were separated on a 75-µm ID self-packed column containing Proteo C12 reverse-phase matrix (Phenomenex) using a 100-min gradient from 2%-34% acetonitrile in water, with 0.1%
(wt/vol) formic acid as the ion-pairing agent.
ESI-QqTOF mass spectrometry analysis
The column effluent was coupled directly via a fused silica capillary transfer line to a QSTAR XL hybrid quadrupole/time-of-flight tandem mass spectrometer (Applied Biosystems; MDS Sciex, Concord, ON, Canada) equipped with a MicroIonSpray source.
The progress of each LC/MS run was monitored by recording the total ion current (TIC)
as a function of time for ions in the m/z range 300 to 1800. At 5-s intervals through the gradient, a mass spectrum was acquired for 1 s, followed by one collision-induced dissociation (CID) acquisition of 4 s each on ions selected by preset parameters of the information-dependent acquisition (IDA) method, using nitrogen as the collision gas.
Singly-charged ions were excluded from CID selection. The collision energy was adjusted automatically for each CID spectrum using an empirically optimized formula which considers the charge state and m/z value of the precursor ion.
Database searches
Peak lists for database searching were created using Mascot Distiller (Version 1;
MatrixScience, London, UK Modifications considered were oxidation of methionine, phosphorylations of serine and threonine, N-terminal (pyro)Glu and alkylation with 4-vinylpyridine. Searches further considered up to one missed cleavage and charge states ranging from +2 to +4. For a protein to be listed in the data tables it had to be identified by both search algorithms. In the few instances where only two peptides supported the identification of a protein, we required the underlying CID spectra to generate a Mascot score indicating a <5%
probability that the match could be considered a random event 42 and further confirmed matches by the peptide sequence tag approach 43 and manual interpretation of spectra. As searches were carried out without species restriction, the correct assignment of matches to mouse entries served as an additional internal control. The mass tolerance range between expected and observed masses used for database searches was ±150 ppm for MS peaks, and ±0. 
Western blotting
Cells were lysed in 0.5% sodium deoxycholate, 1% NP-40, 150 mM NaCl, 50 mM Tris/HCl, pH 8.0 and extracts clarified by centrifugation at 20,000 × g for 10 min at 4°C.
Protein concentrations were determined using the bicinchoninic acid assay (BCA) (Pierce Biotechnology, Rockford, IL, USA). Proteins were separated on 4-12% NuPAGE gels (Invitrogen) and subsequently transferred to polyvinylidene fluoride (PVDF) membranes.
Membranes were blocked with 5% milk in Tris-buffered saline containing 0.05% Tween-20 (TBST). Membranes were incubated overnight at 4°C with primary antibody, washed three times with TBST, and incubated with horseradish peroxidase-conjugated secondary antibody (Bio-Rad Laboratories, Hercules, CA, USA) for 2 h at room temperature.
Following three washes with TBST, membranes were developed using Western
Lightning ECL (PerkinElmer, Woodbridge, ON, Canada).
Multiple sequence alignments
Multiple sequence alignments were obtained using a combination of MAFFT 44 and
ClustalX2's implementation of ClustalW2 45 . Small manual adjustments were made to further improve alignments. Sequence identity and conservation were calculated using the AlignX feature of Vector NTI Advance 10.3.1 (Invitrogen, Carlsbad, CA, USA) 46 . To determine the statistical significance of alignments, the COMPASS program was used 22 .
Analyses were based on the 'SCOP40 iter5' database, GAP opening and extension penalties of 10 and 1, respectively, and the BLOSUM62 substitution matrix.
Accession numbers
The following sequences were retrieved from GenBank: M. 
2). Sequences for M. musculus ZIP10 (ENSMUSP00000027131), G. gallus
PrP (ENSGALP00000040285), G. gallus ZIP10 (ENSGALP00000012604), X. tropicalis
PrP (ENSXETP00000036722), X. tropicalis ZIP10 (ENSXETP00000040857), G. aculeatus ZIP10 (ENSGACG00000002320) and T. rubripes ZIP10
(ENSTRUP00000007404) were retrieved from Ensembl.
Structural threading
The sequence of the PL domain of ZIP10 was submitted to the FFAS03 fold and function assignment server 23 for structure prediction and structural threading. In order to eliminate threading artifacts based on uncertainties in determining the boundaries of the PL domain, we submitted a number of alternatively truncated sequences to the FFAS03 server. This approach helped to better define the boundaries of the folded region of the PL domain of ZIP10. The FFAS03 server provided a ranked list of structural threading models based on various Protein Data Bank (PDB) entries; invariably the highest scoring models were based on PrP 47 and Dpl 48 structures. We analyzed all sensible models for the position of secondary structure elements and derived a consensus prediction for the secondary structure of the PL domain of ZIP10. The closest model to the consensus prediction was chosen for the corresponding figure. f Percent sequence coverage based on the presence of peptides for which no higher ranked assignment to other proteins could be made. 
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